The quasar sample of the fourteenth data release of the Sloan Digital Sky Survey (SDSS-IV DR14) is used to determine the cosmic homogeneity scale in the redshift range 0.80 < z < 2.24. We divide the sample into 4 redshift bins, each one with N q ≥ 19, 000 quasars, spanning the whole redshift coverage of the survey and use two correlation function estimators to measure the scaled counts-in-spheres and its logarithmic derivative, i.e., the fractal correlation dimension, D 2 . Using the ΛCDM cosmology as the fiducial model, we first estimate the redshift evolution of quasar bias and then the homogeneity scale of the underlying matter distribution r m hom . We find that r m hom exhibits a decreasing trend with redshift and that the values obtained are in good agreement with the ΛCDM prediction over the entire redshift interval studied. We, therefore, conclude that the large-scale homogeneity assumption is consistent with the largest spatial distribution of quasars currently available.
INTRODUCTION
Given the rapidly increasing amount of cosmological data, not only it is possible to test the standard cosmological model (SCM), i.e., the ΛCDM cosmology, with unprecedented precision (Ade et al. 2016a ), but also to assess the validity of its fundamental pillars in light of these observations. Among these pillars, the Cosmological Principle (CP) states that the Universe is spatially isotropic and homogeneous on large scales, which means that cosmological distances and ages can be well described by the Friedmann-Lemaître-Robertson-Walker (FLRW) metric. Hence, one of the greatest challenges of the SCM is to determine whether these assumptions actually hold true. If one proves that this is not the case, then a profound reinterpretation of our understanding of the Universe is needed (see, e.g., Ellis 2009 ).
Cosmological isotropy has been directly tested using different cosmological observations, such as CMB (Schwarz et al. 2016; Ade et al. 2016b ), galaxy and radio source counts (Alonso et al. 2015; Colin et al. 2017; Bengaly et al. 2018a,b; Rameez et al. 2018) , weak lensing convergence (Marques et al. 2018) , and cosmic expansion probed by Type Ia Supernova distances (Lin et al. 2016; Andrade et al. 2018) . Homogeneity, on the other hand, is much harder E-mail: rsousa@on.br to probe because we can only observe down the past lightcone, not directly on time-constant hypersurfaces (Clarkson & Maartens 2010; Maartens 2011; Clarkson 2012) . Nonetheless, one can test the consistency between the FLRW hypothesis and observations performed in the past lightcone. Any strong disagreement can in principle be ascribed to a departure of CP. Presently, most of the analyses performed found a transition scale from a locally clumpy to a smooth, statistically homogeneous Universe, using galaxy or quasar counts in the interval 70 < r hom < 150 Mpc/h (Hogg et al. 2005; Yadav et al. 2010; Scrimgeour et al. 2012; Nadathur 2013; Alonso et al. 2015; Sarkar & Pandey 2016; Laurent et al. 2016; Ntelis 2017; Gonçalves et al. 2018a ), yet some authors dispute these results (Sylos Labini et al. 2009; Sylos Labini 2011; Park et al. 2017) .
In this paper we estimate the cosmic homogeneity scale using the spatial distribution of quasar number counts from the recently released quasar sample (DR14) of the Sloan Digital Sky Survey IV (SDSS-IV) (Pâris et al. 2017) . This data set covers a very large redshift interval, 0.80 < z < 2.25, hence providing the largest volume ever in which this kind of analysis has been carried out. We divide the sample into 4 redshift bins spanning the whole redshift coverage of the survey and use two correlation function estimators to study whether there is clear evidence for such homogeneity scale in all ranges. Our results of scaled counts-in-sphere (see Sec. 3) are used to estimate a possible redshift dependence of quasar bias. We then use these results to compare our measurements of the homogeneity scale with the transition scale for the underlying matter distribution predicted by the SCM scenario since any inconsistency found may hint at a failure of the FLRW assumption on describing the observed Universe. We find a good agreement with previous results using different types of tracers of large-scale structure. This paper is organised as follows. In Section 2 we briefly describe the observational data used in our analysis. Section 3 discusses the method and correlation function estimators adopted. The results and discussions are presented in Section 4. Section 5 summarises our main conclusions.
OBSERVATIONAL DATA
The quasar data release fourteen (DR14) of the extended Baryonic Oscillation Sky Survey (eBOSS) (Dawson et al. 2016 ) covers a total effective area of about 2, 000 deg 2 comprising 150, 000 quasars distributed in the redshift interval of 0.80 < z < 2.25. As in previous BOSS data releases, DR14 is divided into two different regions in the sky, named north and south galactic caps. Here we are interested in exploring the homogeneity transition at redshifts z > 0.8, and we use only the north galactic cap. We split the sample into four redshift bins, as presented in Table 1 , of width 0.26 < ∆z < 0.37. The mean redshift of the bins arez = 0.985, 1.35, 1.690, 2.075. As shown in Table 1 , the number of quasars in each redshift bin is N q ≥ 19, 000, thus providing good statistical performance for the analysis. In order to avoid correlation between neighbouring bins, we carefully choose non-contiguous redshift bins.
METHODOLOGY
In this section we present the method used to measure the transition to homogeneity in the distribution of the SDSS-IV DR14 quasar catalogue.
In order to explore the spatial homogeneity of the quasar sample, we use the so-called scaled counts-in-spheres, N, that is defined as the ratio between the average number of points within the observational catalogue and the average number of points within random catalogues (Scrimgeour et al. 2012; Laurent et al. 2016) . We use twenty random catalogues that are generated by a Poisson distribution with the same geometry and completeness as the DR14.
In order to calculate N, an important quantity is the 3D separation distance between two different objects (ρ) within the sample, which can be calculated according to
where cos θ = sin δ 1 sin δ 2 + cos δ 1 cos δ 2 cos (α 1 − α 2 ) and α i and δ i (i = 1, 2) are, respectively, their right ascension and declination. The radial comoving distance d(z) is defined as
with our fiducial cosmology fixed at Ω m = 0.313, Ω Λ = 0.687 and H 0 = 67.48 km/s/Mpc (Ade et al. 2016a) . From N, one can compute the fractal correlation dimension D 2 , for a given distance ρ = r, defined by
As the distribution approaches the homogeneity scale, the scaled counts-in-spheres is N → 1, and hence D 2 → 3 (Scrimgeour et al. 2012) . Several estimators for N have been explored in the literature (Gonçalves et al. 2018a) . Basically there are two classes of them: the first one is based on the average distribution of points in the sky (Scrimgeour et al. 2012 ) whereas the second is based on correlation functions (Laurent et al. 2016; Ntelis 2017) . We use the latter in this paper, as explained below.
Peebles-Hauser
The Peebles-Hauser (PH) estimator is based on the correlation function proposed by Peebles & Hauser (1974) and can be expressed as
where DD(ρ) is defined as the pair of observed quasars counts within a separation radius ρ normalised by the the total number of pairs, N obs (N obs − 1)/2 and RR(ρ) follows the same definition for the random catalogues.
Landy-Szalay
The Landy-Szalay (LS) estimator is based on the correlation function proposed by Landy & Szalay (1993) . In addition to the quantities DD(ρ) and RR(ρ) defined above, DR(ρ) denotes the pair of quasar-random counts normalised by the available number of pairs. Hence, the LS estimator is given by
For the PH and LS estimators, the quantity D 2 (r) is calculated by replacing Eqs. (4) and (5) into Eq. (3), respectively.
THE HOMOGENEITY SCALE
In order to estimate the homogeneity scale from the SDSS-IV DR14 quasars (henceforth r q hom ) we first obtain the values of D 2 (r) for each redshift slice using both estimators above. Then, a polynomial fitting is used to obtain the corresponding scale where the transition to homogeneity is identified (we refer the reader to Gonçalves et al. (2018a) for more details).
Following previous analyses (Scrimgeour et al. 2012; Laurent et al. 2016; Ntelis 2017) , we define the homogeneity scale as the characteristic scale where the Universe can be considered homogeneous within 1% of the expected fractal dimension for a homogeneous distribution, D 2 = 3 -thus, the scale where the spatial distribution of QSOs reaches D 2 = 2.97. Although arbitrary, the 1%-criterion is widely used in the literature, and is justified given some observational issues, such as the survey geometry and incompleteness, as well as the sample noise. Since we use twenty random Table 3 . The same as in Table 2 , but for the LS estimator instead.
catalogues to obtain D 2 , we also perform a bootstrap analysis over the twenty values of r q hom , quoting its mean and standard deviation as our measurement of the homogeneity scale and its corresponding uncertainty, respectively 1 . Our first measurements of r q hom are presented in the second column of Tables 2 and 3 . For the sake of example, Fig. 1 shows the results for both N and D 2 obtained at the redshiftz = 0.985 using the PH estimator (similar results are also obtained for the LS estimator). The red points stand for the observational data with the respective errors. In the right panel of Fig. 1 , the horizontal lines correspond to the D 2 = 2.97 and D 2 = 3 thresholds. From our analysis we find that the PH estimator provides smaller error bars than the LS estimator. A possible explanation may be attributed to the fact that our approach does not use mock catalogues. Instead, we relied on an accurate bootstrap analysis of the twenty random catalogues we have produced. A full assessment of the homogeneity scale using mock catalogues that reflects the matter power spectrum, redshift distribution, QSO clustering, and angular selection function of the surveys, are in progress (Goncalves et al. in prep.).
The quasar bias
In order to estimate the homogeneity scale for the underlying matter distribution, a correction due to the quasar bias (b q ) needs to be introduced. This quantity can be estimated from the measurements of N as follows. First, we compute the two-point correlation function from the matter power spectrum, P m (κ,z), i.e.,
where P m (κ,z) is obtained from the CAMB code (Lewis et al. 2000) assuming the same fiducial model described earlier. We then calculate the theoretical N(r) th from N th (< r,z) = 3 4πr 3 r 0 (1 + ξ(s,z))4πs 2 ds .
Finally, the observational value of the correlation integral for the matter distribution, N m (< r,z), is related to the observed one, N(< Table 4 . The quasar bias obtained for each redshift bin using PH and LS estimators. To obtain these results we assume that b q has no dependence on the scale r.
r,z), by means of (see Laurent et al. (2016) for a discussion)
in which the quantity b q is estimated through a χ 2 minimisation procedure, i.e., χ
, where i corresponds to the i-th data point of N m in Fig. 1 , and σ Nm denotes its respective uncertainty, at eachz. This procedure is performed for N i obtained from both PH and LS estimators. Note that the bias may vary with the scale r. Here, however, we assume it to be constant along the redshift bin (see, e.g., Sec. 5.2 of Laurent et al. (2016) for a discussion). It is worth noticing that we do not make use of the full covariance matrix of the N (< r) in this analysis. However, we do not expect that it would change significantly the accuracy of the present results. A more thorough estimate of the clustering bias will be pursued in a future work.
In order to model such dependence with z, we explore three possible parameterisations of b q (z):
For completeness, we also consider a constant parameterisation b q = b 0 (P4). The data points of Table (4) are used to estimate the free parameters of the above parameterisations through a standard χ 2 minimisation. By means of the Bayesian information criterion (BIC) (Schwarz 1978; Liddle 2007) , we select P2 as the best parameterisation of b q (z) since the others provide ∆BIC > 20 with respect to it. At 1σ level, the best-fit values for P2 read
whose b q values at eachz are given in Table 4 . We note that the results above are in good agreement with previous bias estimates reported in the literature. For instance, previous analyses using the SDSS (BOSS) DR9 and DR12 quasar samples obtained, respectively, b q = 3.80 ± 0.30 (White et al. 2012 ) and b q = 3.54 ± 0.11 (Eftekharzadeh et al. 2015) , both atz = 2.39. Our best-fit for P2 provides b q (z = 2.39) = 3.34 ± 0.13 (PH) and b q (z = 2.39) = 3.28 ± 0.13 (LS), thus compatible with the previous results within 2σ (CL).
Bias-corrected measurements
In order to compare our results with the SCM prediction, we have to correct the fractal correlation dimension due to the quasar bias. We do so by obtaining the homogeneity scales at which D 2 → 2.97 from the bias corrected correlation integral, N m (< r,z), after we input the bias best-fitted values shown in Table 4 in Eq. 8. Then, we compare with the theoretically expected result using D 2 as obtained from Eq. 7. These values will be hereafter denoted by r m hom and r m th , respectively.
We find that the transition to homogeneity is reached earlier for the matter distribution than the quasars due to the effect of b q (z). This can be seen by looking back to the right panel of Fig. 1 , while we clearly note that blue curve, which represents the bias-corrected fractal dimension, reaches 2.97 before the red one, which represents the fractal dimension observed with quasars. We also provide the result from the fiducial cosmology model in the green solid line of the same plot, where we note that it is fully consistent with the bias-corrected measurements.
The final measurements of both r m hom and r th hom are given in the second and third column of Tables 2 and 3 for the PH and LS estimators, respectively. The theoretical prediction of the homogeneity scale from our fiducial model is shown in the last column of both tables, as displayed in Fig. 2 . Clearly, r m hom exhibits a decreasing trend for both estimators, and they are all fully compatible with the r th hom values. Therefore, we conclude that there is a clear scale of cosmic homogeneity in the latest DR14 SDSS-IV quasar data, and that our results are well consistent with the ΛCDM paradigm.
CONCLUSION
In this paper, we estimated the homogeneity scale from the SDSS-IV DR14 quasar sample. To our knowledge this is the first time that the transition to homogeneity is probed in such large redshift range (0.80 < z < 2.25). We split the original data set in four redshift slices, whose mean redshifts arez = 0.985, 1.35, 1.690, 2.075, and study a possible evolution of r m hom with respect to the redshift. Our analyses were performed using the scaled counts-in-spheres approach, N(< r), and its logarithmic derivative -the fractal correlation dimension D 2 , using two different estimators, namely the Peebles-Hauser and Landy-Szalay, as defined by Eqs. 4 and 5, respectively. Following previous analyses, we ascribed the scale of cosmic homogeneity r hom to the characteristic where D 2 → 2.97. The results we obtained are in good agreement with those recently discussed in the literature.
In order to test consistency between data and the SCM, we also estimated the bias of our quasar sample. We showed a clear evolution with redshift, which can be best described by a parameterisation of the type b q (z) = b 0 +b 1 (1+z) 2 . Considering the best-fit values of b 0 and b 1 for each estimator in D 2 , we found that the scale of homogeneity of the matter distribution r m hom indeed presents a decreasing trend with respect to the redshift, and that they are fully consistent with the homogeneity scale obtained from the theoretical matter power spectrum, r th hom , in all redshift ranges.
Our results showed that there is a clear scale of cosmic homogeneity in the latest SDSS-IV quasar data, as predicted by the fundamental assumptions underlying the ΛCDM model. Further exploration of the variation of the homogeneity scale with respect to the redshift, as well as the impact of the clustering bias, angular selection function etc. on its estimate is currently in progress (Gonçalves et al. 2018b) . As the amount of cosmological observations is expected to largely increase with the advent of nextgeneration surveys (Abell et al. 2009; Benítez et al. 2014; Maartens et al. 2015; Schwarz et al. 2015; Amendola et al. 2016) , we expect to improve our results, and thus establish the CP as a observationally valid physical assumption describing the observed Universe.
